ABSTRACT-Lipopolysaccharide (LPS) is the main agonist of gram-negative bacteria and initiates inflammation. We recently reported that plasmas from sepsis patients revealed increased levels of following group of biomarkers; VCAM-1, ICAM1, CRP, resistin, and proteasome LMP subunits. Our objective here was to compare effects of resveratrol (shown to be a nonspecific proteasome inhibitor by us) and a known LMP7 inhibitor (ONX-0914, specific inhibitor) on proteasome's activities, as well as on inflammatory markers mentioned above in human blood monocytes. Using fluorescence-based assays on blood monocytes purified proteasomes, resveratrol (0-100 mM) inhibited all three protease activities, predominantly LMP7. Similarly, resveratrol inhibited all three protease activities using cell-based luminescence assay. In contrast, ONX-0914 was more selective and potent for LMP7 activity. Resveratrol and ONX-0914, both significantly inhibited expression of LPS-induced biomarkers mentioned above in CD14 þ monocytes. Moreover, resveratrol itself, as well as in combination with LPS, accumulated pIkBa in CD14 þ monocytes. Collectively, our data suggest that resveratrol is a less potent inhibitor of all three; CT-like (predominantly LMP7), T-like and PA protease activities and is less toxic to human monocytes than ONX-0914 (a selector inhibitor of only LMP7) as observed by an autophagy detection kit. Also, resveratrol reduces LPS-induced inflammatory cytokine expression by decreasing the translocation of NF-kB due to an increase in inhibitor pIkBa. Therefore, resveratrol can be used to curb inflammation in diseased states like sepsis and other disorders.
INTRODUCTION
Lipopolysaccharide (LPS), a major constituent of gram-negative bacterial cell wall, triggers a dysregulated cascade of inflammation, which results in sepsis and ultimately septic shock. Septic shock affects about 400,000 patients per year in the US alone, of which 50% to 70% die due to complications with excessive amount of LPS triggered inflammation/cell death (1) . Presently, despite the tremendous number of drugs that developed for septic shock, there is no effective cure for this disease. Increased bacterial load leads to elevated LPS, and activation of immune system resulting in systemic inflammation, followed by tolerance (2) . Blood pressure drops due to increased nitric oxide (NO), there is lowered tissue perfusion that leads to cell death, and finally organ failure (3) . Sepsis is more common than heart attacks and claims more lives than cancer.
We have used LPS and other agonists as prototypes for inflammation. We have demonstrated that proteasome inhibition reduces expression of cytokines and adhesion factors in the monocytes by inhibiting transcription factors, and other mediators in signal transduction pathways, which also greatly reduces mortality in the CLP mouse model treated with proteasome inhibitors and antibiotics. Recently, we have shown that customized treatment may be necessary for prevention and cure of septic shock depending on whether the patients are in the inflammatory mode or the tolerant mode, where the cells are refractory to further treatments to LPS (4) . Thus novel strategies are crucially needed for prevention and cure for septic shock.
We have shown that the ubiquitin proteasome system (UPS) maintains the basic cellular processes of eukaryotic system and as part of UPS; proteasomes (P) controls a variety of physiological processes by regulating selective degradation of proteins modulated by LPS (5, 6) . Multiple pro-and antiinflammatory pathways triggered by release of LPS into the blood stream by the gram-negative bacteria. LPS is the prototype activator of human and murine tissue monocytes/macrophages and acts through both MyD88-dependent and MyD88-independent (TRIF/TRAM) pathways (7, 8) . In cecal-ligation puncture model of sepsis, Chen et al. recently reported that LPS-induced expression of CD14 is via an activation of MyD88-dependent and TRIF-independent pathway (9) . Human Monocytes differ from mouse macrophages and constitute an important part of our immune system: they have a dual role of providing immune defense as well as causing tissue damage during an infection.
Our previous work established that initial interaction of LPS and monocytes/macrophages induces all three proteasome activities, thus initiating a process of proteasome-mediated degradation of signaling mediators such as TLR4, IRAK-1, IRAKM, phosphorylated interferon regulatory factor 3 (P-IRF3) (10, 11) . This leads to a net increase in ubiquitinated proteins and activation of transcription factors, such as NF-kB (proteasome degrades its inhibitor IkB) thus causing inflammation. The proteolytic active sites of proteasome reside on three important constitutively expressed subunits: X (b5), Y (b1), and Z (b2), which exhibit chymotrypsin-like (CT-like), post-acidic (PA) and trypsin-like (T-like) activities, respectively in murine macrophages (12) . The constitutive subunits of proteasomes (P) can be induced to those containing immunoproteasome (IP) subunits LMP7 (b5i), LMP2 (b1i), and LMP10 (b2i) after priming with pro-inflammatory cytokines, or LPS with an increase in CT-like and T-like activities (13) . Human monocytes primarily have LMP7, LMP2, and LMP10 catalytic proteasome subunits, which are encoded by PSMB8, PSMB9, and PSMB10 genes, respectively (12) . The CT-like activity of X and LMP7 subunit containing proteasomes is most potent activity for modulating inflammation and controlling multiple signaling pathways in response to agonists such as LPS, CpG DNA, and peptidoglycan (5, 6, 14) . Thus, proteasome inhibitors needed during the initial inflammatory mode of sepsis, where there may be excessive inflammation.
We had initially screened several compounds for inhibition of purified chymotrypsin-like activity from rabbit muscle, and showed that proteasome inhibitors like lovastatin and quercetin, in combination with antibiotic (Primaxin) prevents septic shock in a cecal-ligation and puncture mouse model of sepsis (15) . We have also shown that resveratrol is a proteasome inhibitor of inflammation in mouse macrophages (16) . Resveratrol (3, 5, 4 0 -trihydroxystilbene) is a plant based compound mainly found in grapes, berries, and peanuts. Resveratrol has various beneficial effects on human health due to its anti-inflammatory, antioxidant, anti-aging, and anti-tumor properties (17) (18) (19) . Resveratrol inhibits the activity of cyclooxygenase and lipoxygenase enzymes that cause inflammation and ultimately leads to tumor formation by uncontrolled proliferation of cells (20) . It also improves cardiovascular function by antihypertensive effects (21) . In an endotoxic shock model, resveratrol prevents kidney and lung damage (22, 23) . Many diseases like atherosclerosis, diabetes, obesity, sepsis, arthritis, neuro-degeneration, and cancer are directly based on inflammation, and proteasome inhibitors would be expected to slow down the progression of these diseases.
Resveratrol has been known to decrease various pro-inflammatory and anti-inflammatory cytokines like tumor necrosis factor (TNF-a), interleukin (IL)-1b, and IL-6 (17, 24) . There are several synthetic proteasome inhibitors (PIs), such as bortezomib, carfilzomib, marizomib, ixazomib, delanzomib, oprozomib, PR-825, PR-924, and ONX-0914, which have been used in clinical trials for cancer and more recently for inhibiting inflammation (25, 26) . PIs differ in their selectively to inhibit X, Y, Z, or LMP7, LMP2 and LMP10 subunits, for example PR-924 and ONX-0914 are LMP7-selective, while carfilzomib and oprozomib actively inhibit both X and LMP7 subunits (27, 28) . However, selective proteasome inhibitors have not been tested along with resveratrol (a natural PI, not a specific inhibitor) to inhibit the LPS-induced inflammatory biomarkers of sepsis in CD14 þ human monocytes. In our recent communication (4), we have reported that biomarkers VCAM-1, ICAM1, CRP, and resistin, are upregulated in plasmas of septic patients. Moreover, during LPSinduced inflammatory phase, there is an increased expression of immunoproteasome subunits (10) . Therefore, resveratrol (not a specific inhibitor) and LMP7-specific inhibitor ONX-0914 were tested for downregulating these LPS-induced biomarkers. Although both resveratrol and ONX-0914 are proteasome inhibitors, mechanisms by which resveratrol and ONX-0914 inhibit inflammation via the TLR4 signaling pathways, and inhibit markers of sepsis-induced inflammation in CD14 þ monocytes are not well understood. In current study, we compared the effects of resveratrol and ONX-0914 on proteasome's activities using purified proteasomes as well as cellbased assays. Furthermore, we determined their effects on LPSinduced expression of cytokines and proteasome subunits using real-time PCR. We investigated their effects on LPS-induced NF-kB pathway using CD14 þ human monocytes. Lastly, we established that inhibitory effects of resveratrol are not due to toxicity or autophagy (self-eating). Using high doses or potent proteasome inhibitors for at least 12 to 24 h can lead to induction of autophagy and cell death.
METHODS

Ethics statement
The use of human blood was approved by the Ethics Committee at UMKC, Kansas City, Mo.
Materials
RPMI-1640 medium and gentamycin were purchased from Lonza. Heatinactivated low endotoxin fetal bovine serum (FBS) was from Omega scientific. Highly purified, deep rough chemotype LPS (Re-LPS) from Escherichia coli D31m4 was prepared as described previously (14) . Proteasome-Glo reagents for determining the cellular proteasome's activities were purchased from Promega (Madison, Wis). Ac-WLA-AMC, Ac-ANW-AMC, and Ac-PAL-AMC fluorogenic substrates, as well as human proteasomes and immunoproteasomes were purchased from R&D systems. Trans-Resveratrol (later called resveratrol) was purchased from ''Mega Resveratrol'' (60 Newtown Toad # 32, Danbury, Conn). ONX-0914, specific inhibitor of LMP7 was purchased from UBPBio. MTT (Thiazolyl Blue Tetrazolium Bromide) for cell death assay and PMA (phorbol 12-myristate 13-acetate) for differentiation were purchased from SigmaAldrich. Cyto-ID Autophagy Detection Kit was purchased from Enzo Life Sciences Inc. (Farmingdale, NY). Proteasome-Glo Chymotrypsin-Like, Trypsin-Like and Caspase-Like Cell-Based Assays were purchased from Promega.
Human peripheral blood isolation and cell culture
Human mononuclear fractions of heparinized whole blood were obtained from volunteers in accordance with the policies of the University of Missouri Kansas City. Mononuclear cells were separated from blood by mixing 50 mL of monocyte enrichment cocktail and 25 mL of granulocyte depletion cocktail per ml of blood. After incubation for 20 min at room temperature, sample was diluted with equal volume of PBSþ2% FBS and 1 mM EDTA. Diluted sample was layered on top of the Ficoll-Paque PLUS and centrifuged for 20 min at 1200 Â g with the brake off. The enriched CD14 þ cells were removed from plasma interface, washed and counted. Monocyte purity was >96%. Human blood monocytes were suspended in RPMI 1640 complete media. After each treatment, cells were pelleted and stored at À20 o C.
THP-1 cell culture
Human monocyte cell line THP-1 was cultured in RPMI-1640 supplemented with 10% (v/v) heat-inactivated low endotoxin FBS and 1% (v/v) gentamycin in 5% CO 2 at 378C. The culture media was changed every 2 days. For differentiation into macrophages, THP-1 cells were treated with 10 ng/mL PMA and incubated at 37 o C and 5% CO 2 for 24 h.
Cell viability assays
Monocytes (2 Â 10 4 cells/well) were cultured in a 96-well plate for 24 h and then incubated with different concentrations of resveratrol and ONX-0914. Stock solutions of resveratrol and ONX-0914 were prepared in dimethyl sulfoxide (DMSO) followed by dilution in RPMI1640 complete media containing 0.2% DMSO. After drug treatment, cells were first washed with 100 ml/well PBS and then, 100 mL MTT (1 mg/mL) stock solutions was added to each well. Cells were incubated for 2 h in the dark, washed and the reaction was terminated by addition of 100 mL of isopropanol. Plate was allowed to shake for 10 min at room temperature and absorbance was read at 570 nm using plate reader Cytation 3. We also performed lactate dehydrogenase assay (Promega) and observed similar results.
Autophagy detection assay
Blood monocytes were cultured on laminin-coated coverslips, followed by incubation with resveratrol (80 mM), rapamycin and chloramphenicol (þve control), and vehicle for 4 h. While THP1 cells were first differentiated with PMA (10 ng/mL) in media for 24 h, and washed, followed by incubation with vehicle, rapamycin and chloramphenicol (as þve control), resveratrol (80 mM), and ONX (0.25 mM) with or without LPS (10 ng/mL) for 4 h. Cells were washed twice with assay buffer followed by incubation with microscopy dual detection reagent (100 mL) for 30 min at 37 o C in dark. The microscopy dual detection reagent was prepared following the protocol from the manufacturer. After incubation, monocytes were finally washed with assay buffer. Fluorescence measurements were performed under Cytation-3-fluorometric reader using DAPI and FITC filter sets.
Measurement of proteasome activities
Proteasome activity by purified human proteasome XYZ subunits and LMP proteasome subunits (Fluorescence assay). Purified human erythrocyte 20S proteasome and peripheral blood monocyte 20S immunoproteasomes (R&D Systems, Minneapolis, Minn) were assayed for different peptidase activities using fluorogenic tri-and tetra-peptide substrates coupled to AMC. For measurement of Ch-like, T-like and PA-specific activities, the fluorogenic substrate (Suc-LLVY-AMC), (Boc-LRR-AMC), and (Z-LLE-AMC) were used, respectively. Proteasome assay was performed in a reaction buffer (50 mM HEPES pH 8.0, 0.5 mM EDTA, 0.035% SDS) using flat bottom 96-well plate. Human proteasome or immunoproteasome enzymes (final concentration 2 nM) were added to the reaction buffer containing different concentrations of resveratrol and ONX-0914. Reaction mixture without peptide was incubated at 378C for 20 min. Finally, 10 mM peptide pre-diluted in assay buffer was added to a final volume of 200 mL. Plate was read from top at Ex 345 nm/Em 445 nm in 10-20 sec interval in Cytation-3-fluorometric microplate reader for 60 min. All reactions were performed in triplicates and repeated at least 3 times. Percentage inhibition of proteasome and immunoproteasome activities was calculated relative to the vehicle controls.
Cell-based chymotrypsin-like, trypsin-like, and postacidic proteasome activity (luminescence assay)-THP1 cells 1 Â 10 4 cells/100 mL were added in each well of 96-well white colored plates for luminescence studies. After the addition of medium and/or inhibitors (at various concentrations), plates were incubated in 378C incubator at 5% CO 2 , for 30 min and were taken out of the incubator 20 min prior to the addition of the reagents to detect CT-like, T-like, and PA protease enzymatic activity. The relative luminescence units (RLUs) of assays were determined using a plate luminometer according to manufacturer's instructions in the linear dose ranges.
RNA isolation
CD14
þ blood monocytes (2 Â 10 6 cells /well) were seeded in six-well tissue culture plates in RPMI 1640 complete medium and incubated overnight. Cells were then pretreated with optimal doses of resveratrol (80 mM), ONX-0914 (0.25 mM), and DMSO for 1 h before stimulation with LPS (10 ng/mL) for 4 h in CO 2 incubator depending on the treatment. Total RNA was isolated from cell lysates using Qiagen RNeasy Mini kit according to manufacturer's instructions. Quality of RNA was assessed by spectrophotometric measurements.
Real-time PCR
Real-time RT-PCR was performed on total RNA isolated from treated CD14 þ monocytes. Primers-probes and One-Step qRT-PCR kit were obtained from Life Technologies (Foster City, Calif). All reactions were performed in triplicate using equal amount of mRNA per reaction. Real-time PCR assays were completed using a Step-one plus Real-time PCR system. Gene expression from cell cultures was normalized (2 ÀDDC T analysis) to GAPDH.
Western blot
Protein extracts were prepared from treated CD14 þ monocytes using cell extraction buffer supplemented with a protease inhibitor cocktail, containing phenyl-methyl-sulfonyl fluoride, and phosphatase inhibitors. Protein concentrations were measured with BCA protein assay kits. Each well of SDS gel was loaded with 20 mg of protein and were electrophoresed at a constant 100 V in 1Â Tris glycine buffer for 60 min. Proteins in gels were transferred to the PVDF membrane using wet transfer. After appropriate antibody treatments, the bands were visualized with SuperSignal West Pico enhanced chemiluminescence kit from Thermo Scientific (Rockford, Ill).
Immunocytochemistry
Freshly isolated CD14
þ monocytes in RPMI-1640 complete media were added to poly-D-lysine coated 4-well culture slides (BD biocoat). After 24 h incubation at 378C and 5% CO 2 , cells were treated with vehicle (DMSO), and 80 mM resveratrol for 1 h, followed by 10 ng/mL LPS for 30 min. After incubation, cells were immediately fixed in 4% paraformaldehyde for 15 min at room temperature followed by washing with PBS. Cells were permeabilized with ice-cold 100% methanol for 10 min at À208C and blocked with blocking solution containing 5% normal goat serum for 1 h. Cells were then incubated with primary antibody (1:200) for overnight at 48C. Next day, after 3Â washing, cells were incubated with fluorochrome-conjugated secondary antibody (1:250) for 1 h at room temperature in dark. After washing, slides were cover slipped with Prolong Gold Antifade Reagent with DAPI, and immediately examined under fluorescence microscope.
Statistical analysis
All statistical procedures and graphs were performed with GraphPad Prism 5 (La Jolla, Calif). Data are presented as mean AE SEM. Data were compared using either a paired t-test or a one-way analysis of variance, and significance was set at the P < 0.05 level. One-way analysis of variance was followed with appropriate post hoc tests. A Bonferroni post hoc adjustment was used to correct for two to three comparisons to avoid type I error.
RESULTS
Resveratrol and ONX-0914 inhibit purified human proteasome (X, Y, Z) and immunoproteasome (LMP7, LMP2, and LMP10) activities
To investigate the proteasome inhibitory activity of resveratrol, we measured the activity of proteasomes in human monocyte cell line after incubation with increasing concentrations of resveratrol. There was a dose-dependent inhibition of PA, Tlike, and CT-like proteasome activities after incubation with resveratrol, as shown in Figure 1 . Resveratrol inhibited CT-like activity with an IC 50 value of 1.895 mM, T-like activity with IC 50 value of 4.999 mM, and PA activity with IC 50 value of 1.370 mM. Therefore, at cellular level, resveratrol is a better inhibitor of CT-like and PA proteasome activity. To evaluate preference of inhibition (constitutive or inducible proteasome) of resveratrol, we used purified human 20S proteasome and immunoproteasome in a cell-free system. Moreover, we compared resveratrol inhibitory effect with LMP7 specific inhibitor (ONX-0914). Resveratrol directly inhibited the CT-like activity of the constitutive proteasome (X, Y, and Z) and immunoproteasome (LMP7, LMP2, and LMP10) in a dose-dependent manner with IC 50 59.44 mM and 39.77 mM, respectively, while ONX-0914 was active at nM dose (0.63 mM for X, Y, Z subunits and 0.17 mM for LMP subunits) (Fig. 2) . In a similar manner, resveratrol inhibited PA activity, with IC 50 for proteasomes 52.89 mM and for LMP subunits 40.75 mM, but only 30% inhibition of PA activity was observed with 50 mM dose of ONX-0914 (Fig. 2) . We did not observe any inhibition of T-like activity even with highest dose of ONX-0914, while resveratrol inhibited it only 33% with 100 mM dose. These data suggest that in vitro, resveratrol mainly inhibits CT-like and PA activities with preference for LMP subunits.
Resveratrol and ONX-0914 and cell toxicity as observed by MTT, LDH, or autophagy assay
Most synthetic proteasome inhibitors are toxic to cells; therefore, we investigated the toxicity of drugs by quantifying the cell viability of monocytes by treating with different concentrations of resveratrol (20 mM-100 mM) and ONX-0914 (0.01 mM-0.5 mM) for 4 h. MTT and LDH cell death assay revealed that cells were >90% viable even after treating with highest dose of resveratrol (100 mM) (data not shown). Moreover, we also examined the effect of resveratrol on autophagy using human blood monocytes and THP1 cells. Resveratrol treatment did not induce autophagy in monocytes or THP1 cells after 4 h incubation (Figs. 3 and 4) . However, rapamycin and chloroquine treatment (þve control) caused increased green fluorescence, as evidence of autophagy vacuole accumulation (Figs. 3 and 4) . On the other hand, ONX-0914, itself, at 0.25 mM concentration resulted in autophagy and vacuole accumulation, observed as bright green fluorescence. Also, there was no change in expression of Bax and Bcl2 genes at 80 mM dose of resveratrol. Taken together, these results suggest that resveratrol can safely be used at dose of 80 mM, as a proteasome inhibitor without inducing cell autophagy. We found that 80 mM dose of resveratrol was optimal for further cell culture studies.
Resveratrol and ONX-0914 inhibit expression of proteasome's subunits
We further analyzed resveratrol's effect on RNA expression of different proteasome subunits. The gene expression of X, Y, and Z proteasome subunits in CD14 þ monocytes was much lower, as compared to LMP subunits, and we did not observe a significant change in proteasome subunits RNA (X, Y, Z) after incubation with resveratrol or ONX-0914 with LPS (Fig. 5) . On the other hand, there was robust decrease in mRNA expression of LMP7 and LMP2 subunits after resveratrol and ONX-0914 pretreatment with LPS-induced CD14 þ monocytes (Fig. 5) . There was no significant change in expression of LMP10 subunit.
Resveratrol and ONX-0914 modulate LPS-induced expression of adhesion molecules, cytokines, and autophagy-linked genes As reported by earlier published studies, resveratrol is antiinflammatory in its action and at higher doses induces SIRT-1 (29) . We studied anti-inflammatory effects of resveratrol on LPS-induced CD14 þ monocytes and then compared with ONX-0914 in human CD14 þ monocytes. Resveratrol and ONX-0914 both significantly downregulated expression of ICAM-1, TNF-a, IL-8, and IFNg; however, there was no significant upregulation of Sirt-1 (Fig. 6) . LPS-induced expression of resistin was also decreased by resveratrol and ONX-0914. We did not notice any effect on expression of Bcl2 and Bax responsible for cell death. We also investigated effect of resveratrol on expression of autophagy genes and detected that LPS-induced atg7 expression was downregulated by resveratrol but not by ONX-0914. In contrast, atg5 expression was significantly lower in all treatments compared to vehicle (Fig. 7) . Similar to atg5, there was no significant change in expression of beclin1, eIF2a, p53, and hdac6 genes (Fig. 7) .
Resveratrol and ONX-0914 accumulate pIkBa in LPS-treated CD14 R monocytes LPS-induced activation of TNF-a, which is primarily controlled by nuclear factor NF-kB, largely depends on phosphorylation dependent ubiquitination and degradation of inhibitor of kappa B (IkB) proteins. Once the IkB protein is degraded then NF-kB is activated, binds to the promoter regions of genes and induces expression of cytokines. We detected that 60 min incubation of CD14 þ monocytes with LPS alone, increased cytoplasmic pIkBa protein levels (Fig. 8) . However, 60 min preincubation of LPS-induced monocytes with resveratrol inhibited degradation of pIkBa protein levels. Likewise, ONX-0914 also inhibited pIkBa protein degradation (Fig. 8) . Similar to western blot results of pIkBa, we also observed increased red fluorescence in CD14 þ monocytes after 30 min of LPS treatment that showed the accumulation of pIkBa (Fig. 9) . Altogether, these results indicated that as a proteasome activity inhibitor, resveratrol accumulates LPSinduced pIkBa protein, thus inhibiting the degradation of ubiquitinated proteins such as IkB, activation of NF-kB for transcription, and secretion of various proteins.
DISCUSSION
In this study, we have demonstrated that although resveratrol and synthetic ONX-0914 are specific for different proteasome's proteases; yet similar results with respect to inhibition of LPS-induced gene expression of inflammatory biomarkers ICAM1, TNF-a and resistin (known marker of insulin resistance) were observed. However, in contrast, our data on autophagy detection suggests that ONX-0914 is far more active than resveratrol in inducing autophagy. Thus some data observed on inhibition of gene expression with LPS and ONX-0914 treatment may be due to autophagy of human monocytes. In our study, no cell death was observed at 80 mM dose of resveratrol in human monocytes using MTT, LDH or by autophagy tests. Therefore, our present study demonstrates that resveratrol is relatively nontoxic to human monocytes at effective concentrations used for decreasing gene expression of LPS-induced inflammatory cytokines in monocytes, without inducing autophagy.
Using purified human 20S proteasome and immunoproteasome in a cell-free system; resveratrol inhibited CT-like and PA activities, with a preference towards immunosubunits, LMP7, and LMP2. In a similar manner, resveratrol inhibited CT-like and PA activities using human monocytes. Mechanistically, once the proteasome's proteolytic activities are inhibited there is increased accumulation of ubiquitinated proteins in monocytes, because of reduced degradation. We detected increased accumulation of LPS-induced pIkBa protein in CD14 þ monocytes as is normally observed with proteasome inhibitors. Altogether, our results indicate that natural and less toxic proteasome inhibitor, resveratrol, is at par with LMP7 specific inhibitor ONX-0914 in inhibiting biomarkers (described above) and those that are present during the inflammatory phase after LPS treatment and observed during shock (4) . This inhibition of gene expression of these markers with resveratrol was not due to the toxicity of these compounds because of onset of autophagy. We have identified that septic patient plasmas (4) have increased levels of circulating adhesion molecules like VCAM1 and ICAM1, as well as IL-8 (chemokine affecting neutrophil infiltration). In our monocyte preparations, resveratrol significantly downregulated LPS-induced expression of ICAM-1, TNF-a, and IL-8. We also detected increased expression of IFNg in monocytes after LPS treatment, which is downregulated by resveratrol. IFNg expression by monocytes is still debatable and it could be possible that our preparation was contaminated with T cells or natural killer cells, because monocytes do not readily adhere to the plastic. However, Kraaij et al. have also detected IFNg expression in human monocytes on LPS stimulation supporting our findings (30) . Thus, most of the LPS-induced inflammatory mediators (also observed during sepsis, Qureshi et al., unpublished data) could be inhibited by resveratrol in in vitro experiments with or without pretreatment.
The development of inflammatory and autoimmune diseases is dependent on UPS, because several intracellular regulatory proteins are degraded by proteasome are involved in transcription regulation, cytokine secretion, antigen presentation, cell cycle regulation and apoptosis (31) . Recently, there is a lot of interest in developing proteasome inhibitors as a therapeutic intervention to control chronic inflammation, as of their ability to inhibit NF-kB signaling pathway. We have previously demonstrated that lactacystin and quercetin act as potent inhibitors of multiple proteases of proteasomes and also inhibit NO production by LPS-stimulated macrophages isolated from various strains of mice (6, 11, 32) . Mechanistically, using mouse macrophages, our group has reported inhibition of NF-kB activation, NO and pro-inflammatory cytokines using transresveratrol (16) .
Our group has also reported the cardiovascular benefits of a mixture of resveratrol (25 mg) on human subjects (33) , and in other clinical trials, investigators have used higher doses of resveratrol up to 500 mg/d that were also well-tolerated (34). Importantly, our data using CD14 þ monocytes displayed decreased levels of inflammatory markers in LPS-treated monocytes after resveratrol treatment. Therefore, resveratrol can be used as a potential drug for inhibiting pro-inflammatory cytokines, observed early on during sepsis or other inflammatory conditions.
Resveratrol has been tested in clinical trials for cancer, diabetes, metabolic, and cardiovascular disease without any adverse effects. In this study, we demonstrated that natural polyphenol resveratrol inhibited all three protease activities of proteasomes with varying IC 50 values, with a preference towards LMP7, hence resulting in accumulation of polyubiquitinated proteins as well as pIkBa in CD14 þ monocytes. Collectively, inhibiting LPS-induced p-IkBa degradation FIG. 7 . Effect of resveratrol (80 mM) or ONX-0914 (0.25 mM) on autophagy-related genes expression using CD14 þ human blood monocytes. After drug treatments, as described in the Methods section, gene expression of atg5, atg7, beclin1, eIF2a, p53, and hdac6 were analyzed by qRT-PCR. Data are shown as mean AE SE (n ¼ 3). would prevent NF-kB translocation to the nucleus thus inhibiting inflammatory gene expression in CD14 þ monocytes. In addition, by blocking proteasome activities, most of the other proteins degraded by this complex would also be expected to be stabilized and accumulate in the cell. Since the proteasome regulates both inflammation/tolerance in the cell (4, 10), overall, our study supports the use of resveratrol as a potential natural therapeutic drug for treating inflammatory diseases during the early stages of sepsis and other autoimmune diseases.
FIG. 8. Effect of resveratrol or ONX-0914 on IkBa degradation using CD14
þ human blood monocytes. Cells were treated with lipopolysaccharide (LPS; 10 ng/mL) with or without resveratrol (80 mM) or ONX-0914 (0.25 mM) for 30 min. Protein levels of pIkBa was determined by immunoblot.
FIG. 9. Effect of resveratrol on lipopolysaccharide (LPS)-induced pIkBa using CD14
þ human blood monocytes by immunocytochemistry. CD14 þ monocytes were allowed to adhere to laminin coated slides and then treated with LPS (10 ng/mL), with or without resveratrol (80 mM). After treatment, cells were fixed and then treated with primary antibody, as described in the Methods section. Images were captured by epifluorescence microscopy with optimized excitation 553 nm and emission 565 nm wavelengths using Cy3 filter.
